Introduction 2,6-Disubstituted 4-piperidones are of pharm a cological interest because they are intermediates in the synthesis of derivatives of the reversed esters of pethidine which act as opioid analgesics [2] . The pharmacological effect depends sensitively on the exact stereochemistry o f the substituted piperi dones [3] . Therefore, the elucidation o f the config uration and conform ation of various 2 ,6 -dialkyl substituted 4-piperidone-3,5-dicarboxylates is of great interest.
Dimethyl 4-piperidone-3,5-dicarboxylates are synthesized by a M annich procedure from dimeth yl oxoglutarate, an alkylaldehyde and ammonia or alkylamine [4] , In the case of N-unsubstituted 4-piperidones a ketone isomer only crystallizes from the synthesis, and is characterized by the allequatorial position o f the alkyl substituents at C2/6 and the carboxylates at C3/5. In solution (e.g. hexane) an isomerization o f the ketone to an enolic isomer is observed. At equilibrium 70 to 80 * Reprint requests to Prof. Dr. U. Holzgrabe.
Verlag der Zeitschrift für N aturforschung, D-7400 Tübingen 0932-0776/91/0900-1237/$ 01.00/0 percent ketone and 30 to 20 percent enolic isomer can be identified. The enol content depends on the size of the alkyl substituents at C 2 / 6 : the larger these groups, the smaller the am ount of the enolic isomer [5] .
In the case of dialkyl N-substituted 4-piperidone-3,5-dicarboxylates the enolic isomers only crystallized from the synthesis. In solution no trace of isomerization has been found. To date, it has not been possible to identify the geometry o f these enolic isomers. The 'H N M R spectra o f the deriva tives did not reveal the configuration at C 2 be cause the proton attached to this C-atom is miss ing a coupling partner at C 3, in contrast to the ke tone isomer. The coupling constants of the hydrogen atom s at C 5 and 6 indicate an equatorial position of the carboxylate function and the alkyl group. Possibly the stereochemistry of these enols is comparable to that of the previous investigated 2, 6 -dipyridine substituted dimethyl N-benzyl-4-piperidone-3,5-dicarboxylates which is charac terized by an equatorial position of the aryl substi tuent at C 6 whereas the pyridine ring at C 2 takes an axial position which results a /ra«s-substitution of these two aromatic residues.
In these new studies our goal is, firstly, to eluci date the stereochemistry of the ketone and the enolic isomers o f the dialkylsubstituted 4-piperidone-3,5-dicarboxylates by X-ray analysis and high-resolution 'H and l3C N M R spectra and, sec ondly, to work out the reason why the N-substituted piperidones prefer the enolic form whereas the N -unsubstituted derivatives prefer the ketone structure. Therefore theoretical calculations were done within a systematically varied series of com pounds including ring-opened and cyclic yS-ketoesters (see Table I and Fig. 1 ).
Experimental
The N M R spectra were recorded in CDC13 us ing a Bruker AM 400 spectrometer, operating at 400.134 M Hz for >H spectra and 100.614 M Hz for l3C N M R spectra, and the IR spectra using a Nicolet 5 DX (technique of diffus reflection).
Determination o f the amount o f enol 3 in solution
'H N M R spectra of a 3 x 10-3 M solution of 3 in CC14, benzene-d6, CDC13, CD 3CN and methanol-d4 were measured after equilibration (approximately 3 h) at 30 °C. The am ount o f enol have been ob tained by integration of different signals of ketone and enol resonance peaks.
Synthesis o f the 2,6-dialkyl substituted 4-piper idone-3,5-dicarboxylates
The synthesis of 4-piperidones 20, 21K, 22 E and 24, 25 E has already been reported by Hänsel and Haller [4] (see Table I and Fig. 1 ).
C rystal structure analysis o/ 24E
Crystals investigated in the present study were clear transparent idiomorphic crystals. A crystal measuring 0.375 x 0.250x0.100 mm was used for the data collection on an autom atic Siemens AED 2 four-circle diffractom eter with graphite monochromatic M oK a radiation (A = 0.71069 Ä) and co-2 scan (Amax = 30°). The intensities of 1946 reflections were recorded of which 307 were reject ed; 844 had I 3= 30 (I) and were used for the subse quent refinement. The refined cell dimensions were given by the program D IF 4 (Siemens-Software) using 36 reflections. Lorentz and polarization but no absorption corrections were applied. The posi tions o f the atoms were determined by direct m eth ods (SHELXS-8 6 [ 6 a]) and refined by full-matrix least-squares methods with the program SHELX-76 [ 6 b] . The atomic scattering factors for neutral atoms C, H, N, O were taken from Crom er and M ann [7] . Anisotropic refinement of the crystal structure converged at R (unweighed) = 0.052 and R (weighed) = 0.045. Bond length and angles are given in Table II 
Theoretical calculations
The calculations were carried out with a Cray-XM P 48 at the com puter-centre of the University of Kiel. The following program systems have been [8 ] . Lists of observed and calculated structure factors have been deposit ed at the " Fachinform ationszentrum "*. 
Results and Discussion
The condensation o f dimethyl oxoglutarate, propylaldehyde and allylamine yields mainly di methyl 1 -allyl-4-hydroxy-2,6 -dipropyl-1,2,5,6-tetrahydro-pyridine-3,5-dicarboxylate 24 E. From IR [4] and N M R data [10] Haller and Hansel pos tulated a structure characterized by an enol form of the /?-ketoester fram ework and a quasi-equatorial position o f both dicarboxylate and both alkyl substituents in analogy to the ketone of the di methyl 2,6-di-2-pyridyl-4-piperidone-3,5-dicarboxylate [11] . The alkyl substituent o f 24 E attached to 5-dicarboxylates the nitrogen N 1 was supposed to take an axial po sition to overcome the steric compression with the alkyl substituents at C 2 and C 6 [10],
X -ray analysis
The elucidation o f the structure 24 E was achieved by the X-ray analysis (Table II and III) , and is displayed in the PLU TO plot (Fig. 2) and the stereoscopic view of the unit cell (Fig. 3) . The structure is different from the one proposed by Haller and Hansel [4, 10] : the propyl residues a t tached to the allylic carbon atom C 2 takes an axial position, the propyl group at C 6 an equatorial one and the propenyl substituent at N 1 an axial posi tion to prevent the possible steric compression with the substituents attached to the neighbouring carbon atoms. The stereochemistry described here is completely analogous to the one of methyl 1 '-benzyl-4'-hydroxy-(2'rH,6'tH)-1 ',2',5',6'-tetrahydro[2,2';6',2"]terpyridine-3'-carboxylate previ ously investigated [3] 
N M R studies
Haller and Hänsel has synthesized a great num ber o f N-substituted and unsubstituted 2,6-dialkyl-4-piperidone-3,5-dicarboxylates. The X-ray analysis of 24 E was done as a representative o f all other derivatives. To proove the analogy o f the stereochemistry of the other enolic isomers, 'H and 13C N M R spectra o f 2 3 E, 2 4 E and 25 E were measured (Table III and IV). The *H N M R spec tra indicate a /rans-coupling constant o f 9 -10 Hz for the hydrogens at C 5 and C 6 assigning a equa torial position o f the alkyl group at C 6 and a <?was/-equatorial position o f the carboxylate at C 5. The 'H N M R spectra do not give further inform a tion about the configurations at the other carbon atoms (compare to [10] ). However, the com pari son of the l3C N M R data o f the enol o f the piperidone 24 E, whose stereochemistry is well known from the crystal structure analysis, and the other enolic derivatives 22 E and 25 E exhibits a lot of analogies: the chemical shifts of the carbon atoms C 3, C4, and C 5 are nearly the same for each com pound; the chemical shift o f C 2 and C 6 are differ ent because various substituents (cyclohexyl, methyl and propyl groups) are attached to these carbon atoms. However, the signals o f C 2 always show a downfield shift o f 1 to 5 ppm in com pari son to the signals o f C 6 . This is in good agreement with the observations m ade for the isomers of 2,6-dipyridine substituted l-benzyl-4-hydroxy-tetrahydropyridine-3,5-dicarboxylate [3] and there fore constitutes clear evidence for the same stereo chemistry of all enol derivatives.
5 to 6 hours after dissolving the crystals of the enols in CDC13 a second set of signals appeared in the 'H and 13C N M R spectra, especially in the case of the dicyclohexyl substituted derivative 22 E. The chemical shifts in 13C N M R spectrum indicate an enolic structure for the new isomer (see Table IV ). In the 'H N M R spectrum most o f the peaks are overlapped by the signals of the main isomer de scribed above, but the doublet of the hydrogen a t tached to C 6 at ö = 3.62 ppm exhibits a typical gauche coupling constant of 4.4 Hz which assigns an equatorial position of the carboxylate at C5 and an axial one of the cyclohexyl ring at C 6 . These data correspond to a conform er which arised by a flip of the nitrogen. This inversion of the N 1 is coupled with a relative positional change of the substituents at the neighbouring atoms: the axial residue at C 2 takes an equatorial position now, the equatorial ring at C 6 an axial one. A cor responding isomer was also observed in the case of the 2 ,6 -dipyridine substituted piperidone-dicarboxylate [3] , These isomers will be energetically unfavoured because a steric interaction between the equatorial cyclohexyl group at C 2 and the methoxy group of the carboxylate at C 3 is quite probable. A more quantitative discussion will fol low below.
The 'H and l3C N M R spectra of the N-unsubstituted piperidone derivatives (Table III and IV) crystallizing in the ketone structure only are char acterized by a half set of signals and a coupling constant of 11 Hz between H 2/3 and H 5/6 which denotes a symmetrical structure of the ketones with the all-equatorial position o f all substituents. It is worth mentioning that the two methyl groups of the isopropyl residue attached to the carbon atoms C2 and C 6 in 21K show two separated sig nals at 0.92 and 1.06 ppm in 'H N M R spectra (doublets, J = 7.2 Hz), probably caused by hin dered rotation of the isopropyl group. To proove this the solution was heated up to 393 K but no coalescence of these signals resulted: only signs of decomposition of the substance were observed. It is likely that the rotation o f the isopropyl methyl groups is restricted because the steric interaction between these methyl residues and the methoxy group of the carboxylate is too strong.
A solution of the 2,6-dipropyl substituted p ro pyl derivative 20 K in CDC13 shows two additional sets of signals after 12 h. One set belong to a ke tone the other to an enolic isomer. This is in agree ment with the UV/VIS-spectrophotometric inves tigations of Haller and Hansel [5 a] who described the formation of an enol in cyclohexane solutions. The interpretation of the signals in the 'H and 13C N M R spectra of these additional isomers is not possible because of strong overlapping of many peaks. Therefore, no conclusion can be drawn about the stereochemistry of these isomers: so, from the experimental data we are not able to de cide if the enolic isomer of 20 K is characterized by a cis-or, in analogy to the enols of the N-substituted derivatives, a trans-position of the two al kyl substituents at C 2 and C 6 .
Theoretical calculations
Since the pioneer work o f Lapworth [13] , ketoenol tautom erism has been studied extensively [14] . W ith regard to our studies, the question raised was whether the experimentally determined values o f equilibrium constants [14, 15] [25] ); AM I [23] A AH = 7.6 kcal/mol) were closer to the experimental val ues than the ones from ab initio calculations. Addi tionally, both semiempirical and ab initio methods describe the syn geometry of la E revealed from experimental data [31] correctly. Tables VI and VII display more results from A M I [32] , P M 3 [33] [34] [35] , and ab initio calculations of simple ketone/enol pairs, partially in com parison to experi mental values. F or example, the experimentally determined difference in the heats of form ation of propenol and acetone am ounts to A AH = 9.9 kcal/ mol [28, 30] (AAH = 13.9 kcal/mol [28, 29] ) where as the calculations resulting 11.0 (A M I), 13.1
Table VI. Results o f AM 1, PM 3 and ah initio calculations on simple keto/enol pairs la -h K /2 a -h E (R 1 = H).
li IE Table VI . Al though the calculated heats of form ation from the various m ethods differ from each other, the result ing geometries o f the molecules are similar. From these results and for com parison with the mole cules investigated here, the question raised was whether the A M I and P M 3 calculations were reli able for sterically crowded systems. Because this question is outside the scope o f this account a short discussion is presented in the appendix.
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/?-Ketoesters, one of the characteristic elements of the piperidone derivatives investigated here, are able to form an intramolecular hydrogen bond, es pecially if a flat chelate ring is formed. Substi tuents in the «-position of these /?-dicarbonyl com pounds influence the form ation o f the hydrogen bond by disturbing the planarity o f the chelate cy cles: studies carried out by various authors [37] show in the case of a-substituted acetoacetate a correlation between the size of the substituent and the percentage of the enol isomer in equilibrium (Table VIII) : the more bulky the substituent the less enol is observed which has its roots in the in creasing steric hindrance between the methyl and the cx-alkyl group. On the other hand electronwithdrawing substituents stabilize the enol; there fore the amount of enol increases in equilibrium. Table VIII displays These results show clearly th at the form ation of an intram olecular hydrogen bond (stabilizing the chelate ring with AAHf o f 6 to 7 kcal/m ol (Table VIII) ) depends sensitively on steric and in ductive effects. Therefore these results were taken into consideration for the 2 ,6 -dialkyl substituted piperidone-3,5-dicarboxylates.
To work out the influence of the substituents at different positions in the piperidone derivatives on the geometry of the isomer and on the tautom eric equilibrium, a systematically varied series o f com pounds was calculated by semiempirical methods. As shown in Table VI and VII the heats o f form a tion calculated by AM 1 and PM 3 differ in abso lute values (zfHf) and in the differences (AAHf = zJHf(ketone) -zlHf(enol)) in some cases strongly.
Therefore both methods were used to characterize the system 4 -1 9 and 23, 24 (see Table IX ).
1. The comparison of 2,6-substituted ketone/ enol pairs of the piperidones 4 -8 with a hydrogen or a methyl group at the nitrogen N 1 results, for all tautom eric pairs, in a greater stability o f the ke tones than of the enol isomers, and the 2 ,6 -m -substituted ketones are more stable than the transsubstituted isomers; the energetic advantage is more distinct in the N-methyl substituted 7K /8K than in the N -H derivatives 5K /6K . The therm o dynamic stability of the cis-and the /ra/w-enols 5 E /6 E and 7 E /8 E depends sensitively on the sub stitution of the nitrogen: in the case of the N -H derivatives the cw-enol 5E is more stable than the trans-6 E, in the case of the N -C H 3 piperidones the relative stability is the other way round ( J H ( 8 E) < zfH(7E)). It is likely that the steric in teractions arising between the methyl group at C 2 / 6 and the substituent at the nitrogen in the trans-enol are the reason for the greater stability of the cw-enol.
2. Ester groups in the /^-position shift the ketoenol-equilibrium of cyclohexanones towards the enolic form: the am ount of the enol is 0 .8 % in cyclohexanone [15 c] , approximately 70% in ethyl 2-cyclohexanonecarboxylate [39] and 100% in di ethyl 2,6-cyclohexanonedicarboxylate [40] . AM 1 and PM 3 calculations reveal an energetic advan tage for the enol of the cyclohexanonedicarboxylate 9 as well as for the corresponding piperidone derivative 10 (approximately 75% enol in cyclohexane [5] ) which is in agreement with the experi mental results in both cases. Replacement of the nitrogen or carbon atom in the <5-position by an oxygen (11) results a greater therm odynamic sta bility of the ketone form. It is difficult to judge this observation because no experimental values are available, but the conclusion can be drawn that the am ount of the enol form in equilibrium is sensitive to the sort of atom in 4-position. 3. Additional methyl groups in y-position in the derivatives 1 2 -1 9 influence the ketone/enol equi librium depending on a cis-or trans-geometry and on the sort of atom in 4-position: in the case of the carbocyclic derivatives 18/19 and the 4-oxacyclohexanone 16/17 the enols are more sta ble than the corresponding ketones, with c/s-dimethyl substituted isomers are more stable than the /ra/7s-substituted forms, and logically the sym- , see Appendix), who described and reviewed a number o f sterically crowded sta ble enols as well. Furtherm ore in the system 23/24 the enols are more stable than the corresponding ketones and, remarkably, the /ra«.?-ketone 24 K is more stable than the c/s-ketone 23 K. It is likely that the rising steric repulsion between the N-allyl-, the 2,6-dipropyl-and the 3,5-dicarboxylate groups is the reason for this observation.
At this point it has to be stressed that the iso merization of the symmetrical ketones in solution requires a keto/enol tautom erism and an addition al epimerization at C2. The latter is coupled with a ring-opening between N 1 and C 2 followed by a ring closure (compare to [3] ).
As m entioned above Haller and Hänsel [4, 10] postulated a c/'s-substitution o f the 2 ,6 -dialkylsubstituents and an axial position of the residues at tached to the nitrogen for the enol isomer 24 E. This geometry which avoids steric repulsion be tween the substituents at C 2/6 and N 1, is calculat ed for the c/s-enol 23E exactly (Fig. 5) . However steric compression between the methyl group of the carboxylate and the voluminous propyl group attached to C2 still exists and makes the cw-enol energetically worse than the trans-ketone.
In the case o f the trans-enols 6E , 8E , 13 E, 15E, and 24 E a second conform er has been found, re sulting from the inversion of the nitrogen (for a model com pound 6 E, see Fig. 6 ) which is the same as observed in CDC13 in the 'H N M R spectra of 22 E. In the thermodynamically more stable con former the substituent in the allylic position (at C2) takes an axial and the residue at C 6 an equa torial position; the inversion creates the energeti cally unfavourable isomer with an equatorial group at the allylic carbon atom C 2 and an axial group at C 6 . The increasing steric repulsion between the methyl carboxylate group and the equatorial alkyl residue at C 2 might be the likely reason for the energetical disadvantage o f this iso mer. The differences of the heats of form ations be tween the two conformers increases with increas ing number and size of the substituents from zfz/Hf(AM 1) = 0.5 for 6 up to zfzfHr(A M l) = 13.4 kcal/mol and Jz lH f(PM 3) = 11.5 kcal/mol for 24, respectively.
The results described above dem onstrate con clusively that the equilibrium and with that, the thermodynamic stability of the four possible iso mers (cis/trans-ketones and enols) of every skele- ton shifts from c/5 -substituted ketones in the case of a low degree o f substitution to /rafts-substituted enols with increasing num ber and size of substi tuents at the piperidone framework to achieve a minimum of steric compression. This is extremely distinct in the N-alkyl substituted piperidone de rivatives. Table X shows the characteristic bond distances and angle of the hydrogen bond of the trans-and c/s-enols 23 E and 24 E, respectively, measured from crystal structure analysis and calculated by A M I and P M 3. Com parison o f the calculated values of the cis-and trans-eno\s reveals that there are no considerable differences in the geometries of the chelates. Fig. 7 displays the correlation between the heats of formations A H f and the O -H distances in the two conform ations (15E as a model com pound) which show similar curves al though one conform er is characterized by the un favourable equatorial position of the substituent attached to the allylic carbon atom. Both observa tions dem onstrate that the sterically disadvanta geous equatorial position of the alkyl substituent at C2 does not influence the geometry of the hy drogen bond but as expected it does influence the 
